Introduction 40
There are many methods to measure mechanical properties at nanoscale, some of them are based 41 on either indentation or any other physical phenomena [1, 2] . However, each method has its own S-AFAM takes an optimal instrumentation, which is plugged in to a commercial AFM equipment, see Figure 1 . The instrumentation consists of: 104 • A SPM, Bruker / Veeco / Digital Instruments Nanoscope IV Dimension 3100 equip-105 ment is used, this was upgraded with a closed-loop x-y nanopositioning stage (nPoint, Inc. 106 NPXY100), a signal access module (SAM) accessory which was used for signal input/output 107 to the AFM, and supported on a floating air table and equipped with an acoustical isolation 108 chamber which minimizes the external thermal and vibrational disturbances, respectively.
109
• Data acquisition and FFT processing were carried out using NI PXIe-1073 equipment, which 110 includes a NI 7961R FPGA, NI 5762 digitizer at 200MS/s/ch, and PXI 6363DAQ from Na-111 tional Instruments™.
112
• White-noise signal is generated by a function waveform generator HP/Agilent 33120A.
113
• BudgetSensors™diamond-coated silicon probes, 450 µm long with a 0.2 Nm −1 spring con-114 stant were used. 115 • All experiments were carried out in dry air at a temperature of 21.0±0.1 • C and humidity of 116 2% ± 1 %. 117 It is very important to define the appropiate signal in order to make the entire system perturbed, 118 this allows to have enough information about the system dynamics. For this work, a stochastic sig-119 nal is used for the tip-sample excitation because it can extract all the system dynamics, i.e. persis-120 tent excitation in the system theory field [22, 23] . 121 The proposed technique works when a FFT is computed by NI PXIe-1073 equipment taking into 122 account the deflection signal from photo-diodes for a specific point from the sample to be measured 123 during a conventional scanning of 128×128-pixel in an AFM. Here, while a system is executing 124 this task, HP/Agilent 33120A is exciting the tip-sample through an external piezoelectric actua-125 tor below the sample using a white-noise signal. White-noise approximation is used for this pur- pose because it can excite the tip-sample system using a 10MHz flat-bandwidth signal generated by 127 HP/Agilent 33120A equipment [20] [21] [22] [23] [24] .
128
Once the FFT spectra have been obtained in a 128×128-pixel mapping, it is saved in a hard-disk 129 for off-line processing. Each pixel has a FFT spectrum, where they each have at least four reso-130 nance frequencies, see Figure 2 . An off-line processing is computed for each resonance frequency 131 taking into account a simple Harmonic Oscillator Model fitting. Finally, the FFT spectra mapping 132 is transformed into an indentation modulus mapping using a mathematical model based on the 133 reduced elasticity modulus and PSD model, where the latter is used due to it is the ideal tool for 134 stochastic process in frequency domain [25] . It is important to have a mathematical model in order to determine that the tip-sample interaction 143 excited by white-noise can extract the resonance frecuencies for a free/contact cantilever. For this 144 objective, the model by was taken into account, and then used into a PSD 145 model to make a transformation from resonance frequency to indentation modulus. This kind of 146 model is necessary since the white-noise signal belongs to the power signals set. In other words, 147 these signals offer infinite energy [24, 25] .
148
For this work, the tip-sample interaction must be studied as a system [20, 22] , see Figure 3 . The in-149 put of the system is considered as the excitation signal through a piezoelectrical actuator, which can 150 be controlled in amplitude and frequency domain, and the output of the system is considered as the 151 deflection signal from the photo-diodes of the AFM. 
155
where EI is the flexural stiffness, c corresponds to the damping due to viscous friction, m to the 156 mass per unit length and z(x, t) is the deflection of the cantilever defined for a displacement toward 157 the sample, t is time, x ∈ [0, L], u(t) is a uniform force per unit length acting along the cantilever 158 and L is the length of the cantilever, respectively. The boundary conditions at the fixed end are
where q(t) is the input force acting perpendicular to the cantilever and f (t) is the interaction force 165 between the cantilever and the surface expressed by Derjaguin-Muller-Toporov (DMT) model [1] as
167
where H is Hamaker constant, R is the tip radius, E * is the reduced elastic modulus between the 168 tip and the sample, a 0 is the interatomic distance and z s is considered as the distance from the sam-169 ple to the tip of the undeflected cantilever, which is described by the force f (t) linearized around a 
Using the boundary conditions, the Laplace transform is applied to Equation 1, the cantilever de-178 9 flection is described by
184 and the constants A 1 , A 2 , A 3 and A 4 can be found using boundary conditions.
185
Free cantilever transfer function 186 For the free cantilever response excited by white-noise, Equation 8 has to be considered as a trans-187 fer function for a PSD treatment. This transfer function describes the relationship between the 188 piezoelectric actuator excitation and the free cantilever deflection according to the system described 189 in Figure 3 , this is expressed using some equalities [29] as follows
191
where n n and d n are the n-th roots of 192 tan(n n ) = tanh(n n ) | n n > 0, 197 Now, PSD has to be computed from Equation 11 since the system is excited by a stochastic sig-198 nal [24, 25] . For this work, the signal excitation to be considered is white-noise signal because it 199 features an infinite flat-bandwidth. White-noise is defined as a scalar second-order discrete-time 200 stochastic process for voltage generated by the function waveform generator, V (−∞,∞) , and its prop-
is Dirac delta function [24, 25, 30] .
206
Then, a PSD must be calculated for each pole and zero. The PSD for a pole is calculated taking 207 into account a n-th pole from Equation 11 which can be transformed into matrix form [20] for sake clarity as
whereẋ 1 is the cantilever deflection,ẋ 2 is the derivative for cantilever deflection and q is the same 213 input force described in Equation 3.
214
The PSD model [24] for a second order system is
216
where ω is the frequency, 
223
Now, the PSD for a n-th zero is calculated taking into account Equation 11 as
228 whereẋ 3 is white-noise,ẋ 4 is the derivative for white-noise.
229
Using the same formula described in Equation 13 for PSD, and the next equalities 
243
wherek ts > −1, n n and d n are the nth-roots of 244 tan(n n ) = tanh(n n ) | n n > 0,
respectively.
247
And now, using the same methodology as the last section to obtain the transfer function for a free 248 cantilever excited by white-noise, the PSD for a contact cantilever is carried out. From Equation 21 249 the n-th pole is described by 
253 and also from Equation 21 the n-th zero is described by quencies can be seen between a cantilever with L = 300µm and another one with L = 500µm, i.e.
270
when the cantilever is shorter, the resonance frequencies increase. Using these computed free reso-271 nance frequencies, the geometry for a real cantilever can be known if a suitable program routine is 272 used to search for the best cantilever fitted to these frequencies.
273
For the contact cantilever case, the simulation is shown for three cantilevers with a contact stiffness 
279
When a contact cantilever with L = 400µm is taken into account and only its contact stiffness is 280 changed, it can be seen how the resonance frequencies increase as the contact stiffness does too. bilities of this technique. First, the geometrical parameters for the experimental cantilever must 286 be known since the resonance frequency transformation into indentation modulus requires these 287 values. For this purpose, a resonance frequency spectrum was acquired for free cantilever using 288 white-noise as excitation signal and the FFT algorithm. These resonance frequencies were fitted 289 according to a database which was computed using the free cantilever model described in Equation 290 20, and particle swarm optimization algorithm [32] [33] [34] [35] The optimization criteria is
297 where e rms is root mean square error, f n is the n-th measured free resonance frequency, andf n is 298 the n-th theoretical free resonance frequency. For this work, using this optimization algorithm, the 299 best cantilever results with the following dimensions: L = 460µm, a = 58µm, b = 1.8µm.
300
The free resonance frequencies for the fitted experimental cantilever are compared with the exper-301 imental ones and with those obtained by using Finite Element Process (FEA) [36], see Table 1 .
302
There is an average error of 3.496% between the experimental frequencies and those obtained by 303 using the proposed model, meanwhile there is a higher average error of approximately 5.652% be-304 tween the experimental frequencies and those obtained by using FEA. Although, there is an almost 305 homogeneous error of 4% using the proposed model, it can provide a good approximation about 306 the cantilever geometry using white-noise as an excitation signal. This result reinforces S-AFAM 307 as a technique for the measurement of mechanical properties.
308
Also, the k lever was calculated and compared with the fitted experimental cantilever used in this was obtained using k lever = 3EI L 3 , where the geometrical values were taken from the fitting process.
312
It is important to notice that there is a good agreement between the Sader method and the proposed 313 model which makes S-AFAM a reliable method. FFT computed and stored in a hard-disk. The Figure 4 (c) shows that the contact stiffness can be 317 obtained from these contact resonance frequencies, where it is important to notice that a set of res- can be appreciated, but the difference between the materials is not enough.
314

330
Now, S-AFAM was used to obtain images with higher resolution frequency, making the difference 331 between graphite and glass visible, see Figure 6 (c), (d), (e) and (f). When the frequency window 332 goes higher, not only an a higher difference is appreciated between two materials, but some details 333 can also be seen, which are attributed to the aggregates and imperfections of the deposition tech-334 nique between the glass substrate and the same material deposited on it. In Figure 6(d) , one kind 335 of these details is appreciated in the left-bottom zone where the resonance frequency contribution 336 is higher for glass than graphite, which could be explained if the contact deposition was deposited 337 with some imperfections. The maximum difference between two materials is shown in Figure 6 Finally, it is well known that the tip-sample interaction provides information about the contact stiffness, which is product of effective contact and indentation modulus [8, 9, 18, [37] [38] [39] [40] [41] [42] [43] [44] [45] . Using tion to be acquired in one measurement.
358
Even though the deflection signal from the photo-diodes is weak, when it is Fourier transformed, 359 the amplitude increases significantly in the Fourier domain. This is possible due to the next Fourier
362 for a real constant a,
